Ferropericlase (Mg,Fe)O is an abundant mineral of Earth's lower mantle and the liquid phase of the material was an important component of the early magma ocean.
Introduction

1
Constraining the transport properties of planetary materials is of paramount impor-2 tance for understanding the history, dynamics, and evolution of planets. The electrical 3 and thermal conductivity of Earth are intimately linked to the age of Earth's solid inner 4 core and the geodynamo, as well as coupling of the core and mantle (Buffett, 1992) 5 and patterns of mantle convection (Stackhouse et al., 2015) . Furthermore, the trans-6 port properties of candidate planetary materials can be used to place constraints on 7 the composition of our planet when compared to geophysical observations of mantle 8 conductivity (Püthe et al., 2015) . ocean on Earth-like planets (Ziegler and Stegman, 2013) . No experimental measure-19 ments of electrical conductivity of oxide or silicate liquids are available at deep magma 20 ocean conditions. We have previously predicted the electrical conductivity of SiO 2 at 21 high pressure and temperature (Scipioni et al., 2017) , but the effect of other major 22 magma ocean components, such as MgO or FeO, is unknown.
23
To address these shortcomings, we compute the electronic component of the electri-24 cal and thermal conductivity of (Mg 0.75 ,Fe 0.25 )O from first principles in both the crys-25 talline (B1) and molten states over a pressure and temperature range covering Earth's 26 mantle and conditions in the early magma ocean. We discuss the implications of our re-27 sults for the composition of the mantle and the origin of the suggested electromagnetic 28 coupling of the core and mantle. In addition, we combine our conductivity results for 29 the molten state of (Mg,Fe)O with our previous results on SiO 2 (Scipioni et al., 2017) 30 to examine the conductivity of a magma ocean and its implications for early dynamo 31 action on Earth. 
Methods
33
We perform our conductivity calculations on ionic trajectories of (Mg 0.75 ,Fe 0.25 )O 34 created by first-principles molecular dynamics simulations using the VASP package (Kresse 35 and Furthmuller, 1996) in the NVT ensemble, as detailed in Stixrude 36 (2015, 2016) . In these simulations, at a given instant in time, we solve for the elec-37 tronic charge density of the given ionic configuration within finite-temperature density 38 functional theory (DFT) (Martin, 2008) . From the charge density, all physical observ-39 ables may in principle be computed. The density also allows us to determine the total 40 force acting on each ion, and knowing the instantaneous forces, we propagate Newton's 41 equations of motion forwards for all ions a small time step at a time. In this way, we cre-42 ate trajectories for the ionic and electronic structure of the simulated material at a given 43 volume and temperature, and according to the ergodic hypothesis, time averages of any 44 equilibrium properties that we compute are equal to the ensemble averages and hence 45 thermodynamical averages of these properties. Our periodic simulation cell of solid 46 ferropericlase consists of 64 ions in the B1 structure, whereas the liquid counterpart 47 comprises 128 ions. We sample the Brillouin zone at the Baldereschi point for a lattice 48 of simple cubic symmetry (Baldereschi, 1973) and use a cutoff-energy of 500 eV for the in our previous publications Stixrude, 2015, 2016) .
56
We employ the Kubo-Greenwood method to compute the electronic part of the electrical conductivity (σ el ) in the crystal and the melt. In the single-particle, DFT implementation of this method (Desjarlais et al., 2002) , the optical conductivity at the electric field frequency ω for a given point k in the Brillouin zone for a given ionic configuration is
where |ψ i,k is the orbital of band number i with wave vector k, the corresponding directions, where we assume an isotropic medium and a diagonal conductivity tensor.
62
The Kubo-Greenwood method in DFT has been shown to give results in good agree- 
65
To compute σ el (ω) for a given phase at a given pressure and temperature, we first 66 choose 10 snapshots from the equilibrated MD trajectory in question, the snapshots 67 being sufficiently separated in time to be uncorrelated. Next, for each ionic config-68 uration, we average σ el,k (ω) of Eq. 1 over the Brillouin zone using standard meth-69 ods (Monkhorst and Pack, 1976 reciprocal space using no symmetry reduction for the k-point grid (except the time-
85
reversal symmetry of k and −k), and as another approach, we sampled the irreducible 86 wedge of the first Brillouin zone assuming perfect cubic symmetry for our supercell.
87
Using 64 ions for the crystal and 128 ions for the melt, we find for both phases that 88 using the irreducible wedge of the lattice of cubic symmetry leads to faster convergence 89 of σ el with respect to the number of k-points than using no symmetry reduction does,
90
but that in the former case, the conductivity converges to a value that is ∼10% off that 91 in the latter approach. We therefore perform our k-point sampling using no symmetry 92 reduction, and find that using 14 k-points (a 3 × 3 × f eq by interpolation (see below).
112
In the liquid phase, the electrical conductivity is determined not solely through the electronic part, but as a sum of σ el and σ ion , where the latter is the total ionic conductivity obtained as a sum over all mobile ionic species. To compute σ ion , we employ the Nernst-Einstein relation (Mookherjee et al., 2008 )
where D is the total diffusion coefficient not discriminating between ion type, Q is 113 the charge of each ion (we use the formal charge of 2 here for all ion types), n is 114 the ionic number density, and k B and T are the Boltzmann constant and temperature, 115 respectively. The Haven ratio H R approaches 1.0 in the dilute limit, and for simplicity, 116 this is the value of H R we assume.
117
Finally, as the temperatures in our simulations are much higher than the Néel tem- 
147
To compute the electronic component of the thermal conductivity (κ el ), we use the Chester-Thellung formulation of the Kubo-Greenwood method, which states that
where the kinetic coefficients L i j (ω) are defined as
where µ is the electron chemical potential (Pozzo et al., 2011) . Using the same pro-148 cedure as for the electrical conductivity, we average the thermal conductivity over 149 the Brillouin zone and over 10 uncorrelated ionic configurations, and take the zero-150 frequency limit to find κ el = lim ω→0 κ el (ω). The variation of conductivity with pressure and temperature can be understood by 181 examining the electronic density of states (Fig 3) . The system is semi-metallic at all tions (Holmstrom and Stixrude, 2015) . Increasing temperature causes the gap to close and dashed line and crossed symbols for mixed spin results.. induced decrease in σ (Fig. 1) . In the liquid, t 2g and e g states are not distinguished Ferropericlase undergoes a broad pressure-induced high spin to low spin crossover.
Results
We have previously shown how to compute the equilibrium spin fraction f eq (P, T ) at any pressure and temperature from first principles molecular dynamics Stixrude, 2015, 2016) . We combine these results with those presented above to obtain the variation of the electrical and thermal conductivity at f eq (P, T ) (Fig. 4) . We assume linear interpolation in log σ-pressure space, and quadratic in f , according to
and we determine the value of C f along each isotherm by fitting to our ab initio re-206 sults (Figs. 1,2) , finding that the value of C f is independent of pressure to within our log σ with pressure is nearly linear, except at the lowest temperature explored.
221
Our results are in reasonably good agreement with previous experimental data (Fig. 4) very similar cation radius to Mg. It is also possible that the effect of iron on the con-237 ductivity at high pressure is considerably weaker than that assumed here (Eq. 6), which 238 is based on experimental data that comes entirely from the high spin state. 
Conduction mechanisms in crystal and liquid
251
We find that σ increases with increasing temperature. It has been claimed that an 252 increase of σ on heating means that the system must be semi-conducting with a finite 253 gap (Ohta et al., 2017) , in contrast to our system, which has no gap. While it is true 254 that in ordinary metals σ decreases on heating due to phonon scattering, in our system,
255
there is a far more important barrier to conduction that renders phonon scattering rel-
256
atively unimportant: the low value of the density of states at the Fermi level N(E F ).
257
The density of states at the Fermi level grows with increasing temperature, and this higher value of σ than the liquid at the same temperature.
262
Experimental measurements show that the dominant conduction mechanism at tem-263 peratures T < 2000 K, i.e. just below the temperature range of our study, is a small 264 polaron hopping mechanism between Fe 2+ and Fe 3+ defects. This mechanism is absent 265 in our calculations because our system is free of ferric iron. We propose on the basis 266 of our results, and the reasonably good agreement that we find with experimental mea-267 surements of the conductivity (Fig. 4) consisting of the 1600 K isentrope with a lower thermal boundary layer reaching 4000
291
K at the core-mantle boundary.
292
The value of σ of ferropericlase in the lower mantle that we find is 3-30 times higher than that according to the Arrhenius relation of Xu et al. (2000) , which has been widely used in modeling studies (Püthe et al., 2015) (Fig. 5) . The primary reason for this difference is the iron concentration of ferropericlase: whereas Xu et al. (2000) is based on measurements at X Fe = 0.11 and is not corrected for iron concentration, X Fe of ferropericlase at 1000 km depth is significantly greater, lying in the range 0.14-0.18, depending on the bulk composition (ferropericlase is more iron-rich and more conductive in the Al-free system because iron more strongly partitions into ferropericlase in this system). Some more recent modeling studies (Deschamps and Khan, 2016) have corrected for iron concentration according to the scheme of Vacher and Verhoeven Eqs. 6-7.
297
A harzburgitic lower mantle matches the geophysical observations much better than 298 a pyrolitic lower mantle (Fig. 5) . We note that in both cases, the volumetrically minor 
317
Direct comparison to geophysical observation confirms these patterns: a harzburgitedominated mantle matches the lower mantle better than a pyrolitic mantle (Fig. 6 ). We 
which we continue until n = 1: the surface layer. Here h n and σ n are the thickness and 318 conductivity of layer n, respectively, P = cosh(d 
Electrical conductivity of ULVZ
331
Evidence from studies of nutations indicates that there may be a highly electri-
332
cally conductive layer at the core-mantle boundary (Buffett, 1992 attractive feature of this model is that the electrical conductivity is very high. We find 337 σ = 3.6 × 10 4 S m −1 at 136 GPa and 4000 K (Fig. 4) . Nutations require a conductance as another major component of the magma ocean, has a value of σ 19 times larger than 374 that of SiO 2 liquid at 136 GPa and 4000 K (Fig. 7) . We conclude that σ of the basal We find the electronic contribution to thermal conductivity at the core-mantle bound-385 ary to be negligible. Our results yield k el =8.57 W/m/K at 136 GPa and 4000 K (Fig. 4) .
386
As our results approximately satisfy the Wiedemann-Franz relation, we assume that we 
